The chemical coagulation process is a popular method for eliminating the precursors of disinfection by-products. This study presents the results of a laboratory experiment which investigates the use of cationic polyacrylamide copolymers (CPAMs) as primary coagulants in the purification of solutions containing humic acids (HA). A number of polymers with various molecular weight and charge density were tested. The optimal doses were determined by colloidal titration. The effectiveness of coagulation-flocculation was determined by jar test method. The post-coagulation suspension was separated by filtration through cellulose filter paper. The experiment showed that charge neutralization destabilizes organic colloidal particles.
INTRODUCTION
Dissolved humic substances, including humic and fulvic acids, account for 53 -68% of dissolved organic carbon (DOC) in natural water bodies (Kalbitz et al. 2003) . They are polymer substances containing condensed and aromatic carbon compounds with a high number of unsaturated bonds absorbing UV radiation (Kumke et al. 2001) . In the group of hydrophobic DOC, humic acids show the greatest potential for forming toxic disinfection by-products (DBPs) such as trihalomethanes and haloacetics acids (Singer 1999) . The concentration levels of those toxic substances should be regularly monitored to guarantee the safety of drinking and household water.
Coagulation is an effective method for removing from water organic colloids which have high molecular weight and are a source of colour and UV absorbance (Ratnaweera et al. 1999) . The results of researches of water purification containing dissolved organic matter with the use of traditional aluminium and iron coagulants show that purification effectiveness is determined by various factors, including coagulation conditions, concentration levels and characteristics of organic substances as well as pH (Volk et al. 2000; Yu et al. 2003) . The presence of metal ions in the post-coagulation solution and the contribution of anions to increased water corrosiveness are serious disadvantages of coagulation involving Al and Fe(III) salts. Those negative effects can be avoided through the use of synthetic polyelectrolytes as primary coagulants to remove suspension, turbidity and COD from water and wastewater (Fettig et al. 1990; Bolto et al. 1999; Wong et al. 2006) . In the group of synthetic polymers, cationic polyacrylamides (CPAMs) are characterized by high molecular weight (.10 6 ) and cationic charge density [meq/g] which is determined by the number of quaternary nitrogen groups (Bolto 1995) . The characteristic structure of CPAM molecules affects the coagulation-flocculation of pollutants in water and wastewater, including the mechanism of destabilization due to charge neutralization and the process of aggregation as a result of electrostatic attraction and bridging (Bolto et al. 2007 ).
The use of polymers as primary coagulants is related to the residual suspension of coagulated particles which do not undergo sedimentation like hydroxide suspension particles after the application of metal salts (Lurie & Rebhun 1997) . The coagulation/direct filtration technique is an effective method for high molecular weight substances removal from water (Ødegaard et al. 1999) . Conventional filtration with sand as filter medium enable separating post-coagulation particles up to several mm in size (Kaminski et al. 1997) .
The objective of this study was to optimise the process of humic acids coagulation using CPAMs with various molecular weight and charge density by colloidal titration and jar test method with flocs filtration.
MATERIALS AND METHODS

Model solution of humic acids
A model solution of humic acids was used in the experiment. A dry analytical sample of 628.9 mg humic acids (Aldrich) with 20.5% ash content (residue after ignition) was dissolved in 50 ml 0.1 M NaOH. The solution was diluted to 1 L with demineralised water (Direct-Q-Millipore), it was acidified with HCl to pH 7.0 and left for 48 h for the sediment to settle. The solution above the sediment was decanted and 50 ml was diluted in 1 L of water (Direct-Q-Millipore). NaHCO 3 was added in the amount of 168 mg/L, and the prepared HA solution was used in the experiment (Table 1) .
Coagulants
Maha 0.1% polymer solutions-polyacrylamide copolymers (Kemira) with various molecular weight and charge density, as specified by the manufacturer, were used as coagulants (Table 2) .
Methods
Coagulation effectiveness
The effectiveness of coagulation was investigated by jar test in samples of 200 ml model solution. The following experimental procedure was used:
a. 1 minute of fast mixing at 300 rpm, followed by 10 minutes of slow mixing at 30 rpm; b. Measurement of turbidity in samples after coagulation; c. Filtration through cellulose filter paper with pore size . 3 mm; d. Measurement of UV absorbance (254 nm), colour (PtCo) and turbidity (NTU).
Colloidal titration
Titration was performed with the use of the charge analyzer. 10 mL of the HA solution was titrated with 0.1% polyelectrolytes and changes in streaming potential were noted-SP [mV] . Cationic demand of HA solution was computed based on the volume of the polymer used to titrate the solution until complete charge neutralisation (point of zero charge -PZC) (Bratskaya et al. 2008) . For the purpose of comparison, the cationic demand of HA solution was measured with the use of 0.001 N polydiallyldimethylammoniumchloride solution (PDADMAC, Kemira) with molecular weight of around 5 £ 10 5 , as specified by the manufacturer.
Equipment
Measurements were performed with the use of: colour (PtCo) -dr 2000 spectrophotometer (Hach), turbidity (NTU) -pHotoflex-Turb (WTW), UV 254 absorbanceg-HELIOS spectrophotometer (Unicam), TOC-TOC-5000 analyser (Shimadzu). Streaming potential (SP) and cationic demand (CD) measurements were carried out with a PCD03 meter (Mü tek Analytic). 
RESULTS AND DISCUSSION
Interactions between humic acids and polyelectrolytes in a model solution
To investigate the coagulation process with the use of cationic polyacrylamides, the changes in SP induced by different polymer doses were measured during titration. The results of SP measurements are presented as curves in Figures. They were used to determine the optimal doses at which SP was equal to zero, corresponding to the point of zero charge (PZC) on the curve. A sample curve is presented in Figure 1 . The curve representing SP values measured during titration of the HA solution with the use of polymers has a typical course for the tested polyelectrolytes. Potential values showed sigmoid changes from negative values of approximately 2 900 mV to positive values of above 1,000 mV. SP values changed in response to a decrease in the negative charge of HA particles, its neutralisation at PZC and, consequently, an increase in the positive charge due to an overdose. In theory, a coagulant dose supporting complete charge neutralisation creates an optimal environment for coagulation and the removal of humic acids from the solution. The above is validated by the results of spectrophotometric measurements of the HA solution performed during jar tests. Curves illustrating changes in UV 254 absorbance are presented using polymers C3 and C4 as an example (Figure 2) .
The greatest changes in UV 254 absorbance were observed at optimal dose levels. A further dose increase did not significantly improve coagulation effectiveness. The optimal doses set based on colloidal titration with the use of the studied polymers are presented in Table 3 .
Significant differences in the optimal doses were found between the analysed polymers. The lowest doses of 21-23 mg/L were determined for polymers A4, B4 and C4, while the doses required for polymers A1, B1 and C1 were approximately threefold higher.
The polymer dose which is capable of effectively removing organic substances is determined by many factors, including the type and concentration of organic substances, the presence of salts and the characteristic features of the applied polymer (Fettig et al. 1990; Chen et al. 2003) . The polymer dose needed to neutralize the charge of HA particles may also vary subject to the pH of solution. A pH rise increases the negative charge and decreases the electrokinetic potential of humic acid particles (Avena et al. 1999) . Under experimental conditions (pH ¼ 8), the electric charge of HA particles was determined by the degree of ionisation of functional groups, where carboxylic groups (pK , 7) are completely dissociated, and phenolic groups (pK . 7) are only partially dissociated (Hoigné & Bader 1983; Bratskaya et al. 2008) .
The cationic demand (CD) of the HA solution, determined in view of the optimal doses of the studied polyelectrolytes, is presented in Figure 3 The interactions between organic substances and cationic polyelectrolytes in water lead to the neutralisation of particle charge (Bolto et al. 1999; Kam & Gregory 2001) . The stoichiometric ratio of charges involved in the Water Science & Technology 9 9 9 9 9 9 9 9 2011 1946 63.9
B. Libecki | Effectiveness of humic acids coagulation with cationic polyacrylamides neutralisation process is 1:1 for high charge density polymers, such as PDADMAG (6 meq/g) (Chen et al. 2003) , and for CPAMs with charge density . 3 meq/g (Kam & Gregory 2001) . If the stoichiometric ratio between reacting functional groups in polymer and HA particles at PZC amounts to 1:1, the relationships between the optimal dose for TOC removal and the polymer charge density can be determined (Figure 4 ). Within the studied charge density range (1.5-3.8 meq/g), optimal doses were determined in the interval of 7 to approximately 2 mg/mg C. A negative correlation between the dose and the polymer charge density was observed (Figure 4) . A similar approach was used to analyse the effect of molecular weight on the polymer dose required to remove 1 mg TOC. The curve presented in Figure 5 shows no data correlation.
The effectiveness of purification of a model HA solution
The effectiveness of coagulation involving optimal doses of the tested polyelectrolytes is presented in Figure 6 .
The effectiveness of purification reached 72-88% of colour removal and 65 -81% of UV absorbance reduction, except for polymers B2, B4, C1 and C2, where the observed effectiveness colour removal was lower (51 -67%). In case of B4 and C1 polymers, the lowest reduction of UV absorbance (52 and 61%) were also obtained. Clearly lower colour and UV 254 reduction levels were observed in samples with turbidity of . 2 NTU (Figure 6 ). The highest effectiveness at nearly 90% colour removal and approximately 80% UV 254 reduction was reported for polymers A3, A4 and C3. In those samples, turbidity remained at a level of ,1 NTU.
The experiment showed varied effectiveness of HA removal from the solution, measured as the percentage of absorbance (UV 254 ) and colour reduction. As regards selected polyelectrolytes, lower effectiveness and higher turbidity of samples could be due to a less effective separation of the post-coagulation suspension (Huang & Shiu 1996) . If polyelectrolytes and filtration are applied to remove the colour of a HA solution, the effectiveness of that process is affected by the type of polymer and the size of filter pores (Kvinnesland & Ødegaard 2004) . The filtration method applied in this study proved to be effective with regard to some of the tested polymers. The effectiveness of filtration at optimal polymer doses is illustrated in Figure 7 .
A clear rise in turbidity values before filtration was observed in samples with increased polymer charge density, except for the sample with polymer B4 which was marked by exceptionally low turbidity after coagulation. The greatest differences in turbidity before and after filtration were noticed in samples purified with A3 and A4 type polymers.
It is well known that turbidity increases as particles become enlarged during aggregation (Dempsey et al. 1984) . Lurie & Rebhun 1997) . According to Kvinnesland & Ødegaard (2004) , very small particles passing through a filter with pore diameter of 0.1 mm are formed as a result of particle charge neutralisation when humic substances come into contact with polymers, and the application of filters having a pore diameter .1.2 mm enables to separate particles formed by aggregation. The data displayed in Figures 6 and 7 show that in the group of tested polymers, relatively large and filterable post-coagulation flocs were formed mainly by the type A, C3 and C4 polymers. The reported results could have been significantly influenced by the hydraulic conditions of the jar test, which affected both the rate of flocs formation and aggregate breakage (Hogg 2000) . A study carried out by Yoon & Deng (2004) prove that polymers with higher molecular weight have a greater initial flocculation ability due to bridging, but when affected by hydrodynamic shear forces, polymer flocculants become deformed and are unable to re-flocculate. Lower molecular weight and higher polymer charge density support re-flocculation.
CONCLUSIONS
1. The results of the study indicate that organic colloids are destabilised as a result of complete charge neutralisation at optimal CPAM doses. 2. The results of colloidal titration of a HA solution suggest that the optimal polymer dose is determined by particle charge density. The lowest polymer doses of 2.2^0.1 mg/mg C were determined for polyelectrolytes marked by the highest charge density of 3.8 meq/g. 3. The effectiveness of UV 254 reduction (52 -81%) and colour removal (51 -88%) was determined by the type of polymer and the effectiveness of turbidity removal by means of filtration following coagulation. 4. The use of CPAMs with higher cationic charge density and lower molecular weight guarantees higher effectiveness of HA removal from water in the coagulation and filtration process. Water Science & Technology 9 9 9 9 9 9 9 9 2011 1948 63.9
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